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Brown dwarfs:
(12-13)<M<(75-80)
Jupiter masses



Methods of discovery
1. Radial velocities
2. Transits
3. Microlensing
4. Timing (pulsars, binaries, etc.)
5. TTV
6. Direct images
7. Separating planetary light
8. Astrometry



Radial velocities

We see just the bright star.

We measure that its radial velocity

periodically changes.
Measure:

- Period

- Mass

Michel Mayor and Didier Queloz 1995 



First light planets

1108.3447

The problem is to measure
small velocity variations
for relatively long time.

Quality and stability of 
the spectrograph is
more important than the telescope size.

This planet discovered by HARPS.
Situated just near the
zone of habilability.



Proxima Centairu b

1609.03449

1.3 Earth masses
0.05 AU
11 days

Habitability zone



Radial velocities: data and measurements

Artie Hatzes (in Bozza et al. 2016)



Role of a star

Artie Hatzes (in Bozza et al. 2016)

Without additional errors due to the instrument:

Difference is manly due to
• Rapid rotation
• Smaller number of spectral lines

10 m/s 
a Jupiter at 5 au



Molecular iodine cell

Artie Hatzes (in Bozza et al. 2016)

I2 cell became the first effective tool
to provide lines for RV measurements.



Velocity vs. phase for different orbits

Artie Hatzes (in Bozza et al. 2016)



Planet mass

Artie Hatzes (in Bozza et al. 2016)

Thus, it is necessary to know the stellar mass (M1)

For the mass function
<sin3 i> is important:



Stellar noise

Artie Hatzes (in Bozza et al. 2016)



Planet transits
Proposed by 
Otto Struve 
in 1952

Sstar-Splanet

--------------
Sstar



The first transit measurement. HD 209458
The first measurements of a transit was made from the ground
for a planet discovered by RV, and so known orbital parameters.



Kepler and CoRoT



Rate of discovery

1411.5517



Transiting planets in the sky

1411.5517



Very small planets

1305.5587

Kepler-37b
The first discovered exoplanet
with size smaller than Mercury



Transit probability

Andrew Cameron (in Bozza et al. 2016)



Transit conditions

90o-i
a

Selection in favour
of close-in planets.

Andrew Cameron (in Bozza et al. 2016)



Transit depth

Andrew Cameron (in Bozza et al. 2016)



Limb darkening

Andrew Cameron (in Bozza et al. 2016)

θ

=

Limb darkening can be taken into account
in a more precise manner



Transit duration

Andrew Cameron (in Bozza et al. 2016)

tT – from first to last contact



System parameters

Andrew Cameron (in Bozza et al. 2016)

Stellar density estimate

K – stellar velocity

Planet density



CoRoT December 2006 – November 2012
27-cm telescope

https://exoplanetarchive.ipac.caltech.edu/docs/datasethelp/ETSS_CoRoT.html

Focal planet arrangement 
of the asteroseismology (A1, A2) 
and the exoplanet (E1, E2) CCDs.

Position of the CoRoT eyes in the sky. 
The blue and red circles represent the center 
and anti-center.

The satellite spent approximately 6 months per year 
observing in the center direction and 
6 months per year observing in the anti-center direction.



Kepler 2009-2013 + K2-mission
0.95 m telescope

Monitoring of ~150 000 stars

Field of view ~115 sq. degrees



Orbital elements
ν – true anomaly
ω – argument of periastron
E - eccentric anomaly
M – mean anomaly
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Orbital parameters

Andrew Cameron (in Bozza et al. 2016)

α

d

r
d=r sin α
z=d/Rstar

p=Rp/Rstar



Transits and transit-like events

Andrew Cameron (in Bozza et al. 2016)



Spectral lines and planet/star mass ratio

Andrew Cameron (in Bozza et al. 2016)

If narrow spectral lines in the planet atmosphere
can be observed during transit then it is possible
to derive Mstar/Mplanet

Measurements of the 
radial acceleration
(due to observations
of spectral lines in
the planet atmosphere)

allow to measure stellar mass.

Observations of spectral line in the planet atmosphere
can allow to measure important parameters of the system!



Exoplanet detection via microlensing
• Sensitive to low mass planets (down to 0.1 Mearth)
• Sensitive to wide orbits (1-4 AU)
• Sensitive to free-floating planets

See a review in Bennet 0902.1761
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Gravitational microlensing - 1

Andrew Gould (in Bozza et al. 2016)

Probability of microlensing is small.
For stars it is ~10-5 – 10-6 per year.
For planets it is lower, as θE ~ M1/2

and Mplanet/Mstar~10-4



Gravitational microlensing - 2

Andrew Gould (in Bozza et al. 2016)



Light curves for point lenses

Andrew Gould (in Bozza et al. 2016)



Finite size
lense

Andrew Gould (in Bozza et al. 2016)



Binary lense
s – separation of components in units of the Einstein radius θE.
q - mass ratio.
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Light
curves

0902.1761



Cold Neptune

Andrew Gould (in Bozza et al. 2016)



Solar system – like system

Andrew Gould (in Bozza et al. 2016)

Jupiter and Saturn analogues.
Distances are slightly smaller
consistent with smaller mass
of the host star.



Dips due to planets

Andrew Gould (in Bozza et al. 2016)

A terrestrial-mass planet in a binary.
The planet orbits a red dwarf (1 AU),
which orbits another star (15 AU)



Comparison of
three methods
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Discoveries by different methods

1505.06869

RV = red circles, 

transit = blue diamonds, 

imaging = magenta hex., 

gravlens = black stars, 

psr time = cyan squares. 

Planets in the Solar 

System are green 

triangles. 



http://exoplanets.org/plots

Blue- RV
Red – Trans.
Green – lense
Orange –
imaging



Timing
Observations of a periodic process
(radio pulsar, binary system, pulsating star)
allows to identify a perturber



Planets around a radio pulsar
Wolszczan, Frail 1992

PSR B1257+12
Millisecond pulsar

Three light planets



Direct imaging
Now it is possible to see self-luminous planets (10-5 in flux) at >~1 arcsec.
For comparison: Solar system analogue at 10 pc gives for Jupiter 10-9 in flux and 0.5 arcsec.



Telescope properties

Riccardo Claudi (in Bozza et al. 2016)

Θ=(a/d)(1+e) = 
= 1 arcsec (a/AU)(d/pc)-1 (1+e)



Ground optical interferometers

Riccardo Claudi (in Bozza et al. 2016)

Better resolution,
but smaller aperture



Coronagraphs

To obtain planet images 
different kinds of 
coronagraphs are used. Riccardo Claudi (in Bozza et al. 2016)



Imaging vs. other methods

Riccardo Claudi (in Bozza et al. 2016)



Solar system

Riccardo Claudi (in Bozza et al. 2016)

Notice, how much better planets are visible in IR.
Especially Jupiter at 20-30 micrometers. 



Young planets are hotter

Riccardo Claudi (in Bozza et al. 2016)



Planet light identification
Kepler-70b,c



IR light

1205.1766

Occultation light curve

55 Cnc e
Mass: 7-8 Earth mass
Semi-major axis: 0.016 AU
Orbital period: 0.74 days

Temperature 2000-2600K



Astrometric detection
It is easier to detect
massive long period planets
on eccentric orbits.

Astrometry allows to determine M3
planet/(Mstar+Mplanet)

2

1505.06869

Data on 570 stars with planets are shown.
Solar system data is scaled for a star at 10 pc.



The only candidate

1505.06869

Came out to be a brown dwarf with 28 Mjup.

Now waiting for Gaia data.



Planetary
statistics

1505.06869

Corrected for
incompleteness
of the sample.
Kepler data

Corrected for
incompleteness
of the sample. 
Kepler data

Doppler data
Mplanet sin i <0.2 Mjup

Doppler data.
Mplanet sin i <0.2 Mjup
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